The image of spectral absorbance in human skin is analyzed by independent component analysis. The spectral absorbance image is estimated from an image with red, green, and blue channels. The qualitative information and spatial distribution of the pigments can be extracted by the independent component analysis. It is shown that the extracted absorption characteristics of the pigments are corresponding to those of hemoglobin and melanin.
Introduction
Extracting qualitative information and spatial distribution of components through analysis of an observed image is required in many fields of image analysis such as remote sensing, medical diagnostics, and robot vision.
Spectral characteristics of the components are useful information to identify those components, because different materials have different spectroscopic responses to electromagnetic waves of a certain energy band. A technique that uses a spectral image as an observed image was proposed 1 and is expected to lead the field of image analysis.
Skin color reproduction is considered the most important problem in color reproduction of color film and color television systems. With the recent progress of various imaging systems [2] [3] [4] such as multimedia, computer graphic and telemedicine systems, skin color becomes increasingly important for communication, image reproduction on hardcopy and softcopy, medical diagnosis, cosmetic development and so on. Human skin is a turbid medium with multi-layered structure 5, 6 , and contains various pigments such as melanin and hemoglobin. Slight changes in structure and pigment construction produce great skin color variation. This make it necessary to analyze skin color on the basis of its structure and pigment construction in reproducing and diagnosing various colors.
In this paper, an image of spectral absorbance in human skin is analyzed by independent component analysis (ICA) to extract information of the components in the skin. ICA is a technique that extracts the original signals from mixtures of many independent sources without a priori information on the sources or the process of the mixture. ICA has been applied to problems of array processing, communication, medical signal processing, and speech analysis 7 . In the field of color image processing, Inoue et al. 8 proposed a technique to separate each pigment from compound color images. In a previous paper 9 , we improved on their technique and applied it to skin color 3 image with red, green, and blue color channels, and separated the image into the spatial distributions of hemoglobin and melanin. The pixel values of three color channels are dependent on the imaging device, so that it was impossible to analyze the separated colors directly. The spectral absorbances which are not affected by the illuminant and imaging system are analyzed in this paper.
In Section 2, the skin spectral reflectance image is obtained from skin color image by the technique described in references 2 and 10 , and transformed to a spectral absorbance image. In Section 3, the application of ICA to the color image separation is reviewed based on references 8 and 9. In Section 4, skin spectral absorbance is modeled on the basis of the two pigments, melanin and hemoglobin. The results of independent component analysis for skin spectral reflectance images are shown in Section 5.
Spectral Absorbance Image in Human Skin
The skin color image with 64 x 64 pixels is used in this paper, as was used in our previous paper 9 . The image is extracted from the forehead of a Mongoloid facial image with 300 x 450 pixels taken by HDTV camera (Nikon HQ1500C) with 1920 x 1035 pixels 9 under a metal halide lamp with color temperature of 5,700K. The extracted region of the forehead is almost uniformly illuminated.
Each pixel of these color images has three channels: red, green and blue.
Nonlinearity between RGB levels and luminance was compensated to be linear 2 .
The spectral reflectance is estimated from the R, G, and B values in each pixel of skin image using the low-dimensional linear approximation method for spectral reflection 2, 10 to obtain the spectral reflectance image. Smoothness of the spectral reflectance curves is effectively used in the low-dimensional linear approximation, and the spectral characteristics of the illuminant and imaging system are calibrated using thirty-nine patches of Japanese skin color 2 . The estimated reflectance spectra are transformed to spectral absorbances (optical density) by logarithm transformation. Figure 1 shows forty examples of the 4 estimated spectral absorbances in the skin image. Each absorbance corresponds to a pixel in the image.
Independent Component Analysis for Color Image Separation
The application of independent component analysis to the color image separation 8, 9 is briefly reviewed in this section. For a simple explanation, it is assumed that the medium is constructed of two pigments and captured by an imaging system with two color channels, or captured at any two wavelengths. 
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Skin Spectral Absorbance Model
In analyzing skin spectral absorbances, we made three assumptions. First, we assumed that the Lambert-Beer law or the modified Lambert-Beer law 14 holds in skin absorbances. Second, the spatial variations of color in the skin are caused by two pigments: melanin and hemoglobin. Third, these quantities are spatially independent of each other.
On the basis of the first and second assumptions, the spectral absorbance in the skin image is modeled on the basis of linear combination of the absorption coefficients of melanin and hemoglobin as shown in Fig. 2 , where only three absorbances
at three wavelengths λ 1 , λ 2 , λ 3 are shown for convenience. As shown, the absorbances of skin are distributed on a two-dimensional plane spanned by pure spectral vectors of melanin and hemoglobin. This two-dimensional plane can be extracted by principal component analysis, and the resultant two dimensional plane is then used for the rest of the analysis 15 . Therefore, Eq. (1) can be directly applied to the two dimensional plane for independent component analysis.
Experimental Results
The total flowchart of the image analysis is shown in Fig. 3 previous paper where the image with R, G, and B channels was used, we found that the independence value for the resultant signals was 0.0081. We can conclude that the resultant independence is improved by the linearity of the spectral absorbance model because the spectral density domain was used in the analysis rather than the optical density domain of three channels. Figure 4 shows original skin color image with 64 x 64 pixels and images of color densities for the first and second independent components. It is assumed that the two independent components are caused by hemoglobin and melanin, respectively, since the pimples are seen in the first independent component and are not seen in the second. Fig. 4 is similar to that of hemoglobin in Fig. 6 , especially at the two typical absorptions around 540 nm and 580 nm, and that of the second component is similar to the absorbance of melanin. We can conclude that ICA effectively extracts the two pigment components of skin: hemoglobin and melanin. It is noted that unknown pure spectral absorbances are extracted from a skin image which was taken in vivo.
Conclusion and Discussion
We have extracted the spectral characteristics of the components, hemoglobin and melanin in human skin by independent component analysis of a spectral absorbance image without a priori information. These extracted absorbances 7 are influenced by the distribution of optical path length in skin caused by optical scattering. The scattering coefficient of skin is higher in the short wavelength 5 , that is, the mean optical path length is shorter in the short wavelength. This will effect the result of the extracted pure spectral absorbances. We consider that this scattering effect and melanin content are the reason strong absorbance around 430 nm in Fig. 6 is not seen in Fig. 5 . From a different point of view, the extracted pure spectral absorbances will provide information about the wavelength dependent characteristic of optical scattering when pure absorbances in vivo are known. 
